The dominance of ants in the terrestrial biosphere has few equals among animals today, but this was not always the case. The oldest ants appear in the fossil record 100 million years ago, but given the scarcity of their fossils, it is presumed they were relatively minor components of Mesozoic insect life. The ant fossil record consists of two primary types of fossils, each with inherent biases: as imprints in rock and as inclusions in fossilized resins (amber). New imaging technology allows ancient ant fossils to be examined in ways never before possible. This is particularly helpful because it can be difficult to distinguish true ants from non-ants in Mesozoic fossils. Fossil discoveries continue to inform our understanding of ancient ant morphological diversity, as well as provide insights into their paleobiology. 
INTRODUCTION
Ants are among the most successful, some would argue the most successful, groups of insects to ever live. In terms of both sheer species diversity (7, 81) and ecological impacts on terrestrial systems, the importance of ants cannot be overstated. Ant colonies are often called superorganisms (53) because of the collective functioning of a colony. In tropical forests, ants can comprise upward of 15%-20% of the animal biomass (52) . Owing to their eusociality, the impact of ants on their surroundings far exceeds that expected from the relatively small size of individual workers. However, despite their presence on Earth for over 100 million years and despite their current ubiquity, it was apparently not until approximately 50 million years ago that ants achieved the ecological dominance we observe today (9, 28, 76) (Figure 1) . From beautiful pieces of amber, sometimes with spectacularly preserved specimens entombed within showing the finest details of cuticular sculpturing, to the often shadowy outlines hinting at a structure that seems just out of view provided by an imprint fossil, the ant fossil record offers a tantalizing glimpse of ant diversity at various points in the past.
HISTORY OF PALEOMYRMECOLOGY
The study of fossil ants began primarily with inclusions in Eocene Baltic amber, with the first fossils illustrated as early as 1742 by Sendel (101) in his magnificent folio volume "Historia Succinorum." Following this pioneering work, the first series of papers to discuss this fossiliferous deposit, which were published during 1819-1840 (e.g., 39, 98), were of rather poorly described species of uncertain generic placement. Heer (49) described in 1850 the first fossil ants from Radoboj (Croatia) and Oeningen (Germany), which Mayr (69) later revised. In 1868, Mayr (70) published the first large treatment of Baltic amber ants. It was this publication that stimulated other myrmecologists to study amber ants as well as imprint fossils. In 1915, Wheeler (111) produced his now classic monograph on the ants of the Baltic amber. Following Wheeler's comprehensive monograph, several studies between 1915 and 1937 investigated ant imprint fossils. The most interesting faunas were described from the Late EoceneEarly Oligocene deposits of Florissant and Bembridge Marls and from the Oligocene deposits of Kleinkems and some localities in eastern France. Cockerell (15) first studied the ant fossils of the Bembridge Marls, followed later by the work of Donisthorpe (32). In 1930, Carpenter (13) reviewed fossil ants described from North American deposits. In the 1930s, Théobald (106) described a diverse Oligocene ant fauna from Aix-en-Provence, France, and Kleinkems, Germany, and also revised several species described by Förster (37) from Brunstatt, France. For the next 30 years, however, fossil ant work basically came to halt, probably due in part to the fact that the deposits known at the time were no older than the Late Eocene and most of the species in these deposits belonged to extant genera. In fact, some species in these deposits do not appear much different from extant species. As a result, the fossil record from that time period told us little about the early evolution of ants, and interest in fossil ants waned.
This changed in 1967 with the discovery of Sphecomyrma freyi from Cretaceous (Turonian, ca. 92 mya) New Jersey amber. Wilson et al. (115) described an intriguing combination of morphological features that did start to tell us something about how early ants evolved. It also sparked renewed interest in fossil ants. Since then, a diversity of Cretaceous ants have been discovered. These include species described by Dlussky from Taimyr (18) (19) (20) and Canadian ambers (23), discoveries from New Jersey amber (35, 41) , and surveys of the ancient ants of Burmese and French ambers (22, 35, 43, 77, 84, 118) . More recently the oldest definitive crown-group ant was discovered
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Figure 1
Percentage of ants as a total of all insect fossils from various fossil deposits. Note that the Dominican amber deposit is the average of two different estimates of the proportion of ants as a total of insect fossils (see References 45 and 59).
in Late Cenomanian amber of Ethiopia (96) . These Cretaceous age fossils have increased our understanding of early ant evolution while raising a series of new questions. At present, there are 52 fossil deposits known to contain at least one fossil ant specimen ( Table 1) 
PRESERVATION AND METHODOLOGY
Amber Ant Fossils
Fossilized ant bodies come in two forms: as inclusions entombed in amber (the polymerized form of fossil tree resin) (Supplemental Figure 3) or as imprints in rock (Supplemental Figure 4) . Burial conditions differ between the two kinds of fossils, and both have inherent biases as to what kinds of ants tend to become fossilized. Ants in amber tend to be species that foraged on trees or on the ground near trees. They are as a general rule smaller species (10 mm or less in length) presumably because small species were less able to free themselves from the viscous resin. Rare exceptions include Paraponera dieteri in Miocene Dominican amber (ca. 20 mm), Prionomyrmex species in Eocene Baltic amber (up to 15 mm), and an undescribed myrmeciine worker in Eocene Oise amber (ca. 20 mm). Subterranean ant species that lived in the leaf litter or soil are also rare as amber fossils. When we do find these species in amber, they are almost always winged reproductives that were captured in the resin during their mating flights. An exception is the Early Cretaceous (Late Albian, ca. 100 mya) Charentese amber, which uniquely preserved a high proportion of the litter biota (82) . Because there are many similarities between the ant fauna of Burmese and Charentese ambers, it is also possible that the Burmese amber ants were foraging on the soil rather than along the tree trunks.
Imprint Fossils
Imprints in rocks were formed mostly in lake deposits, where the preservation of microscopic features requires the presence of fine-grained sediment such as diatomites, micritic muds, or volcanic tuffs. Such imprints mainly preserve winged reproductives that fell into the water during their mating flights. Although complete bodies may be found, imprint fossils generally fall into two categories: detached wings or body fragments lacking wings and other appendages. Mating behavior affects the likelihood of fossil preservation. Species that fly high and far from their birth nests have the greatest chance of burial in lake deposits. Species that spend most of their time searching and mating on the ground are far less commonly encountered as imprint fossils. In contrast to amber fossils, imprint fossils generally preserve larger ant species. Imprint fossils are found by splitting stones, and as a consequence, small specimens are easily overlooked. It is perhaps not surprising then that most ant imprints are dominated by species with large queens, such as Oecophylla in Bembridge deposits and the giant Titanomyrma in Messel and Green River deposits (up to 60 mm long!).
Ichnofossils
In addition to body fossils, the presence of ants can be recorded through ichnofossils (or trace fossils), i.e., the traces of their activity in paleosols such as burrows and nests. In the case of recent taxa, the nest architecture can be very distinctive (107), but such architectures are not found in Mesozoic ichnofossils. The identification of ant nests from the Mesozoic is particularly important because they potentially predate the earliest occurrence of body fossils. Unless body fossils are found associated within such nests, however, it remains virtually impossible to identify the kind of ant that built the nest and even to determine whether the tracemaker was an ant, because different groups of animals may have evolved similar burrowing techniques (100). For instance, distinguishing between traces of social insects such as ants and termites can be particularly difficult (38). The oldest trace fossils that have been suggested to be ant ichnofossils are from the Late Jurassic of Colorado (47, 48), but this remains highly controversial and was later dismissed by other authors (10, 38) . The oldest nest that seems attributable to ants is from the Late Cretaceous of Utah (92) .
New Imaging Techniques
Traditional light microscopy has long been the only technique available to study fossil insects preserved as imprints or amber inclusions. It is still largely in use because it allows for the observation of most external characters. But critical structures can be inaccessible owing to the position of the specimen or, in the case of amber, they can be hidden by turbidity, debris, bubbles, or other inclusions between the amber surface and the insect. Imaging techniques such as X-ray computed tomography (CT) or microtomography (μ-CT) are now increasingly used in amber studies, which provide a three-dimensional virtual reconstruction of the fossils (17, 45, 51) . Propagation phasecontrast X-ray synchrotron imaging (PPC-SRμCT), which has been developed specifically for amber inclusions (60, 105) , allows for high-resolution reconstructions as well as virtual dissections (Supplemental Figure 5) , thus providing access to all external and internal features (80) . The increasing use of PPC-SRμCT might help reduce the gap between fossils, especially controversial Cretaceous fossils, and extant species of ants.
THE PROBLEM OF RECOGNIZING TRUE ANTS IN THE EARLY FOSSIL RECORD
A critical discussion of ant fossils first needs to establish what synapomorphies are used to define the family Formicidae. For examination of fossils these are largely going to be morphological, although, as seen below, behavioral synapomorphies can be inferred from fossils as well. There are generally four widely accepted morphological synapomorphies that define modern ants (considered here as ants from the Tertiary to recent periods). These are an elongated scape, geniculate antennae, petiole, and metapleural gland. antenna is formed by the elongation of the first segment (the scape) and the distinct bend that separates it from the remainder of the antenna (the segmented funiculus). The petiole is the modification of abdominal segment II and in some ant groups segment III is further developed into a postpetiole. The metapleural gland is often considered the major feature used to define the Formicidae (52) because it is unique to ants and nothing even closely equivalent exists in any other group of hymenopterans. The gland appears to secrete antimicrobial and, in some cases, alarm substances (117). It has been secondarily lost in some, largely arboreal or socially parasitic, groups, particularly in the subfamilies Formicinae and Myrmicinae (6) . The metapleural gland is usually absent in male ants. A nonmorphological synapomorphy for ants is eusocial behavior, which is expressed morphologically in females by the differentiation of the queen and worker castes (although in some socially parasitic taxa, the worker caste has been secondarily lost). The Cretaceous specimens have elicited the most debate because with these fossils we can ask, When do the first "true" ants appear? In other words, what among bizarre Cretaceous ant-like hymenopterans is a true ant? Dlussky (19) first described the Armaniidae as an intermediate link between ants and scoliid wasps. There has been considerable discussion of whether this group should be given family rank (1, 6, 19, 26, 41, 42, 83, 89, 108, 114) , but the most recent action by Bolton (6) classified them as a subfamily. Here we do not follow this recommendation and consider them at the family rank for the remainder of our discussion (see reasons below). Armaniids are known exclusively as imprint fossils that are poorly preserved (Figure 2) , making the critical areas of the body difficult or impossible to observe (e.g., seeing whether a metapleural gland is present or not). Still, what we know of them is that armaniids possessed a broadly attached, but poorly developed, petiole, very short scapes, and females do appear queen-like (19). Although Dlussky (19) reported the presence of a metapleural gland in some armaniids, others have questioned this interpretation (41, 77). It is this lack of a definitive metapleural gland that has led some authors to consider the armaniids at the family rank and therefore not true ants (35, 84, 116) . In addition to only being known from fragmentary imprint fossils, another major complicating factor in determining whether armaniids are true ants is that no specimens have been found with individuals that could be construed as workers. Armaniids possess vespoid-like mandibles that either are bidentate (19) or have only an apical tooth present (however, this may be a result of preservation). The debate about whether armaniids are true ants hinges mainly on just how many synapomorphies of modern ants need to be present in order for the group to be considered an ant. A striking example is a bizarre family of Cretaceous wasps described by Rasnitsyn (88) as the Falsiformicidae, or "false ants." Like Armaniidae, these wasps possessed geniculate antennae with a short scape, a broadly attached petiole, and females with a roughly queen-like appearance (Supplemental Figure 6 ). But no workers have been found, and most importantly, they distinctly lack the metapleural gland and share numerous features with Chrysidoidea. In his description, Rasnitsyn (88) noted that, as indicated by his name for the family, the falsiformicids were distinct from ants despite the presence of a petiole and geniculate antennae. He suggested that the family might be the sister group to the Formicidae s.l. ( = Formicidae s.s. + Armaniidae), but additional falsiformicid species recently discovered by Vincent Perrichot from various Cretaceous ambers demonstrate that the family actually belongs in the Chrysidoidea. Therefore, the only definitive synapomorphies that can be used to define true ants seem to be the presence of the metapleural gland, a distinct petiole weakly attached posteriorly, and the differentiation of females into queen and worker castes. As such, and unless the presence of the metapleural gland can be clearly observed, Armaniidae should not be considered true ants.
Another less controversial example in the Cretaceous is the Sphecomyrminae. When Wilson et al. (115) first described Sphecomyrma freyi from 92 myo New Jersey amber, it created a sensation in myrmecological circles. Why? Here was an ancient fossilized ant-like organism that possessed a metapleural gland and a distinct petiole weakly attached posteriorly, two synapomorphies that define modern, crown-group ants. Much later, eusociality was inferred on the basis of the discovery of additional sphecomyrmine fossils. Both Grimaldi & Engel (42) and Perrichot et al. (84) used the presence of two wingless female individuals (inferred to be workers) preserved together in the same piece of amber to conclude sphecomyrmines were eusocial, on the basis of the inference that because Cretaceous ant specimens are so rarely encountered, it would be unlikely for two of them to be trapped together unless they were foraging nestmates. The sphecomyrmine Haidomyrmodes mammuthus is the first Cretaceous species known in which both queen and worker castes are described (84) , perhaps settling the debate of whether sphecomyrmines were eusocial. Of the definitive morphological ant synapomorphies, sphecomyrmines lack only the elongated scapes, and it is the lack of this morphological trait that led Poinar et al. (87) to consider sphecomyrmines not ants, i.e., Sphecomyrmidae. Almost all other authors, however, have considered sphecomyrmines ants (9, 22, 41, 84, 116) , and when looking at a Sphecomyrma or Sphecomyrmodes worker (Figure 3) , one can easily appreciate most of the general traits of an ant that cannot be confounded with any other insect group. This is somewhat less convincing when observing Haidomyrmex or Haidomyrmodes, given their very peculiar head morphology ( Figure 4) ; however, they clearly possess a metapleural gland and a distinct petiole, and at least Haidomyrmodes has females differentiated into castes. Therefore, Sphecomyrminae can readily be considered true ants, and the elongated scape remains a debatable synapomorphy related to how someone classifies crown-group versus stem-group ants (108).
CRETACEOUS ANT FOSSILS
The earliest known ants or ant-like fossils come from the Albian period (100-112 mya) of the Cretaceous. Cretaceous age specimens include a mixture of stem-group and crown-group ants ( Table 1) . Sphecomyrminae appear to be the closest known relatives to extant ants (41, 108, 116). They were present for at least 20 million years in the Cretaceous, with 8 genera and 15 species Laurasia: large northern continent that existed until the Paleocene consisting of Asia (minus India), Europe, Greenland, and North America known exclusively in amber ( Table 1) . They had a wide distribution although apparently restricted to Laurasia, with records in the mid-Cretaceous ambers of Burmese and French ambers, and the Late Cretaceous ambers of New Jersey, Siberia, and Canada (18, 20, 22, 23, 37, 41, 84, 116, 118) . Among these, the Sphecomyrmini, comprising Baikuris, Cretomyrma, Dlusskyidris, Sphecomyrma, and Sphecomyrmodes, had a general morphology very similar to that of living ants, except for their relatively short scapes (Figure 3) . The Burmese and French Haidomyrmecini, comprising Haidomyrmex and Haidomyrmodes, had the most peculiar head morphology of perhaps any ant, extinct or extant. The face exhibits a high, unusually concave surface surmounted posteriorly by a small lobe covered by a brush of stiff setae (Figure 4) , and it is yet unclear if the clypeus is composed of both the concave surface and the brushy lobe or if it is only the lobe. The elbowed, sickle-shaped mandibles give Haidomyrmecini a fierce appearance (Figure 4) and were assumed to act as trapjaws uniquely moving in a plane oblique to the dorsoventral and horizontal axes of the body, so they might have been highly specialized predators (22, 35, 84, 118). More generally, sphecomyrmines were likely foragers on the coniferous trees that produced the resin and on the soil surface of the amber forests. These were tropical to warm temperate forests in a coastal marine setting subject to tidal influences, dominated by gymnosperms but with an understory of ferns, cycads, and sparse, although relatively diversified, angiosperms (44, 72, 85). Sphecomyrmines had already developed eusocial traits, as evidenced by the differentiation of the worker caste and the trapping of several workers in the same amber piece, thus suggesting they were foraging together (84) . Kyromyrma neffi, from 92 myo New Jersey amber, is clearly a member of the crown-group ants (Formicinae) (40). The formicines have an easily identifiable synapomorphy that instantly separates them from other ant subfamilies: the acidopore. The acidopore is typically a circular, nozzle-like structure found on the terminal gastral segment of formicine ants (56) that is used to spray formic acid. The single known specimen of K. neffi clearly displays an acidopore. In many respects, its overall morphology is that of a fairly generalized formicine, possessing the plesiomorphic states for many characters. The Formicinae are the second most species-rich group of extant ants (6), and they include many examples of trophobiotic ants, those species that gather the exudate from groups of Sternorrhyncha hemipterans such as aphids and scale insects. The presence of formicines in the Cretaceous leaves open the possibility of an early origin of trophobiotic relationships involving ants.
When originally described from the same New Jersey amber, Brownimecia clavata was placed incertae sedis within the Ponerinae owing to the presence of a gastral constriction (41). At that time, the ponerines were still broadly defined and, as we now know, also paraphyletic (6, 58, 59 Following the splitting of the old Ponerinae, Bolton (6) placed B. clavata in its own monotypic subfamily (Brownimeciinae), observing that the species did not easily fit into any recognized subfamilies. B. clavata has falcate, edentate mandibles, unusual for ants and often associated with dulotic behavior (6) . Unlike the armaniids and sphecomyrmines, and more like crown-group ants, B. clavata possesses a relatively elongate scape (41). Another interesting morphological feature of B. clavata is the presence of clubbed antennae, which, although not uncommon among modern ants, is the only known instance among Cretaceous ants (6) . Two other Cretaceous amber deposits (Burmese and Canadian) are of particular recent interest because they contain, in addition to sphecomyrmines, several fossils that very likely belong to the ant crown group. A possible aneuretine, Burmomyrma rossi (22), and a possible myrmeciine (although considered incertae sedis), Myanmyrma gracilis (35), from 99 myo Burmese amber have been described. The single known specimen of B. rossi is a headless alate. Dlussky (22) considered its general morphology and wing venation to be consistent with the crown-group subfamily Aneuretinae. Another fossil from younger Cretaceous Canadian amber (Campanian, ca. 78 myo), Cananeuretus occidentalis, has also been tentatively placed within the Aneuretinae (35). The subfamily Aneuretinae is represented today by a single, presumably relict species, Aneuretus simoni, found only on the island of Sri Lanka. Engel & Grimaldi (35) considered Myanmyrma gracilis either to be within the poneroid grade or to belong to the Myrmeciinae. The species possesses a gastral constriction, which places it within the poneroid grade, but it shares several other morphological features with the myrmeciines (35). Archibald et al. (1) thought that given the lack of character support and poor specimen preservation, M. gracilis was likely not a myrmeciine. They also observed that the short scapes are known only in stem-group ants; however, the strong constriction between abdominal segments III and IV is not known from any stem-group ant.
Discovered in Charentese amber (ca. 100 myo), Gerontoformica cretacica is of uncertain taxonomic placement due to the high distortion of the specimen (77), although it is likely a crown-group ant. Nel et al. (77) suggested it is reminiscent of either the Dolichoderinae or the Formicinae on the basis of general habitus. The specimen does have a relatively long scape and the antenna is not clubbed, which suggests it is not a sphecomyrmine or a brownimeciine.
Two other fossils have been assigned to the crown-group ants, Afropone to the Ponerinae and Afromyrma to the Myrmicinae, on the basis of imprints from Orapa, Botswana (26). The specimens are in poor condition and their assignment to an ant crown group has been questioned (1, 116).
CENOZOIC ANT FOSSILS
The end of the Mesozoic 65 mya, marked by a well-known mass extinction event, also may have brought about the end of both the armaniids and sphecomyrmines-although the times of their extinctions remain unclear. The last armaniids occur about 91 mya in the Turonian of Botswana; however, insect-rich rock deposits are desperately lacking between 55 and 90 mya. Similarly, the last occurrence of sphecomyrmines is from the Campanian Canadian amber, but insect amber deposits are lacking in the Maastrichtian and Paleocene, so the possibility that sphecomyrmines survived until the Paleocene cannot be excluded. This is unlikely, however, given that the only known early Cenozoic deposit contains clearly identifiable and diverse crown-group ant fossils, and no sphecomyrmines. Dlussky (21) studied Sakhalin amber and found that, as in Cretaceous deposits, ants are rare (just 9 specimens), composing only 1.2% of all insect fossils, and belong to extinct genera from modern subfamilies (Dolichoderinae, Aneuretinae, Formicinae, and Ponerinae). Sakhalin amber finds do, however, demonstrate that Paleocene ants occupied various levels in the ecosystem, perhaps the beginnings of the various niches occupied by modern ants (28 (21). They had small eyes displaced forward and thickening terminal segments of the funiculus. Zherichinius had an elongated body and long legs and antennae, and was perhaps arboreal (21). From the Ypresian stage (50-55 mya) of the Early Eocene, three amber deposits are known ( Table 1 ) that contain diverse ants. From French amber of Oise, two ponerines have been described, one in the extant genus Platythyrea (with the oldest report of a possible ergatoid condition), and one a close relative of Pachycondyla, and 38 other morphotypes are mentioned in Formicinae, Dolichoderinae, Pseudomyrmecinae, Myrmeciinae, and Myrmicinae (4). In Indian amber of Cambay, a preliminary investigation revealed Formicinae, Dolichoderinae, Pseudomyrmecinae, and Myrmicinae (95) . These two deposits apparently contain a mixture of extinct and extant genera (4, 95) , which contrasts with the Chinese amber from Fushun in which the 35 known taxa were described exclusively from extinct genera (54) . However, the identifications are disputable, the descriptions are in Chinese, and the illustrations are low quality; this material clearly needs additional study. All three deposits are of major significance because they provide the only clues for the transitional composition in ant diversity following the Paleocene-Eocene thermal maximum (PETM) 56 mya. With an estimated increase of 5
• C-8
• C globally, the PETM was a key period of drastic changes in the terrestrial biosphere (14, 71) , and it is likely that many modern ant genera evolved during or shortly after this time (4) .
It is during the Eocene and beyond that the number of ant fossils increased significantly, with ants in several deposits composing more than 20% of the insect species present. Mo-Clay (Fur and Ølst Formations in Denmark) is one of the earliest Eocene deposits (55 myo), and a myrmeciine, Ypresiomyrma rebekkae, is known from this locality. Rust & Andersen (94) discovered 101 body specimens or isolated body parts of ant queen and male Y. rebekkae [originally placed in Pachycondyla but later moved to the Myrmeciinae by Archibald et al. (1)]. No other ants have been found in this deposit. It is assumed that insect layers from Mo-Clay were formed in a marine environment and at a distance of about 100 km from the nearest coast (94) . This is the earliest evidence we have of mating swarm behavior in ants.
Several important Middle Eocene deposits are known: Green River (27) and Okanagan Highlands (1) in North America, and Messel and Eckfeld (30, 31, 66) in Europe. Compared with earlier deposits, the percentage of insects that are ants rises substantially: at Green River 6.9% and at Messel 13.1%. Middle Eocene deposits are dominated by genera that are extinct, but we do see several extant ant genera appear during this period. Among those are Dolichoderus in Green River, Oecophylla and Gesomyrmex in Messel and Eckfeld, and Pachycondyla in Green River and Messel (27, 30, 31) . Another interesting feature is that several species are represented by numerous specimens, in stark contrast to earlier deposits. Imprints of Eoformica pinguis and Dolichoderus kohlsi constitute 40% and 25%, respectively, of all ants in Green River (27); Titanomyrma gigantea and T. simillima constitute nearly 50% of ants in Messel (45) . Four subfamilies dominate these fossil deposits: Aneuretinae, Dolichoderinae, Formicinae, and Formiciinae at Green River (85.6% of all ants) and Messel (90.3% of all ants). Interestingly, the Myrmicinae are quite rare in these deposits, composing just 1.9% of ants in Green River and 1.6% of ants in Messel.
One subfamily of ants, the Formiciinae (not to be confused with the Formicinae), appears in the Early Eocene and disappears in the Middle Eocene (Supplemental Figure 7) . They were originally known only from forewing fossils (12, 110) and initially were not even placed in the Formicidae (110); Lutz (66) later revised the group. A number of remarkable formiciine fossils have been discovered. Formiciine queens were very large; in fact they are the largest ants to have ever lived, with individuals reaching body lengths of 6 cm and possessing wingspans of up to 13 cm (66). In one species, Titanomyrma lubei, the body of the queen is larger than the rufous hummingbird (Selasphorus rufus) common to North America (3). Unfortunately, workers of these ants remain unknown. Formiciines are known from both European and North American deposits. One (111) produced the first taxonomic treatments, but a host of more recent studies have followed. This deposit is important from a number of perspectives, such as its high species diversity (with 118 species; 29), and a significant portion of its identified genera (9%; 29) known today only from the tropics, including Oecophylla, Gesomyrmex, Pristomyrmex, and Tetraponera, among others. Wheeler (112) first noted that the Baltic amber was unusual in part because it contains a mixture of both thermophilic and temperate genera. Archibald & Farrell (2) addressed this observation, considering two possibilities that either the Baltic amber forests were tropical/subtropical or that there was less pronounced seasonality in this area than is observed today (the area had milder winters). They concluded that the latter hypothesis was more likely the explanation for this seemingly strange mixture of ant faunas. This is an interesting observation because it implies that what are considered tropical ant genera today may in fact have been associated originally with a more mild, temperate climate.
The first record of polymorphism among worker ants is noted in specimens from Baltic amber. Dimorphic worker specimens (majors and minors) of Gesomyrmex hoernesi and Pheidologeton sp. have been discovered (31, 111). Ergatoid conditions have been reported for both a male ant (Anonychomyrma constricta; 111) and a gyne (Plagiolepis klinsmanni; 25) from Baltic amber fossils. Baltic amber fossils have also given insights into other aspects of ant biology. For instance, several fossil ant species (Ctenobethylus goepperti, Lasius schiefferdeckeri, Prenolepis henschei, and Monomorium mayrianum) have been found as syninclusions with aphids (Hemiptera: Aphididae: Germaraphis), which may be an indication of trophobiotic interactions between the ants and the aphids (e.g., 79). However, due to the presence of wax-secreting structures on the aphids, some authors have doubted that the ants and aphids were associated (50). Wheeler (112) reported a mite on L. schiefferdeckeri.
If we examine the three most-speciose extant ant subfamilies (Dolichoderinae, Formicinae, and Myrmicinae), approximately 50% or more of the species from the Eocene are from genera that are extant (Supplemental Figure 8) . In fact, some fossil species look remarkably similar to extant species. A classic example involving apparent morphological stasis in worker morphology from the Eocene is observed in the common Baltic amber species Prenolepis henschei. Wheeler (112) was the first to note that workers of this species looked morphologically very similar to the extant and widespread Nearctic Prenolepis imparis (which is also incidentally morphologically very similar to the extant European Prenolepis species, P. nitens). LaPolla & Dlussky (64) noted differences between the male genitalic structures of P. henschei and P. imparis, but the morphological similarities among the workers of these two species broadly links the modern fauna back to the Eocene.
From the Oligocene onward (23-34 myo) the percentage of ants as a total of insects found in fossil deposits rises. In the Florissant shale, 20% of insects are ants (13). Carpenter (13) reports a dominance of two subfamilies in the Florissant: Dolichoderinae (ca. 63%) and Formicinae (ca. 33%). In the French deposit of Aix-en-Provence, the Dolichoderinae and Myrmicinae are among the most common ants, each composing approximately 36% of the ants. The Formicinae are the third most commonly encountered ants (ca. 27%) (106) .
The Dominican amber (16-19 myo) found in Hispaniola is arguably the best-studied ant fossil deposit in the world. In fact, ants are the largest single group of arthropods known from Dominican amber, with upward of 24%-36% of all fossil insects being ants. Dominican amber in many respects is essentially a modern ant fauna, but there have been notable extinctions since the amber was formed (113) . Although fewer than 10% of the genera known from Dominican amber are globally extinct (113) , some groups that existed on Hispaniola in the Miocene are absent today. For instance, there were army ants on Hispaniola in the Miocene, but today army ants are not found in the Greater Antilles (113) . An interesting dolichoderine putatively placed in the genus Leptomyrmex (L. neotropicus) was discovered from Dominican amber (5 found only in the wet forests of Australia, New Guinea, and New Caledonia, so the presence of the Dominican amber fossil species has presented a biogeographical puzzle since its discovery. Lucky (65) suggested that the fossil species is a stem lineage of Leptomyrmex, and does not belong to the crown group of modern Leptomyrmex species. This conclusion was based on the dating of the divergence of Leptomyrmex from its extant sister group, which is found in the New World. Undoubtedly, in part because of their sheer abundance as amber inclusions, which overall increases the chances of syninclusions, ants in Dominican amber have provided insights into understanding complex interspecific interactions. This can be illustrated by examining evidence for trophobiosis among Dominican amber ants. The first definitive cases of trophobiosis have been observed in Dominican amber (although see Baltic amber, above), one case by inference from the syninclusions of both trophobiotic partners, and the other example with the ants actually carrying the trophobionts involved in the trophobiosis (57, 63) . In one spectacular fossil, an Acropyga winged queen is still clutching a mealybug between her mandibles, a behavior termed trophophoresy that is unique to this genus (61) (62) (63) 97) . Other complex symbiotic relationships have been preserved in Dominican amber as well. Fungus-growing ants (Myrmicinae: Attini) are unique to the New World and have been the focus of intense study regarding the nature of the symbiosis between the ants, the fungus they grow in their gardens, and other associated organisms. We know that fungus-growing ants were common since at least the early Miocene because five attine species from three genera have been found in Dominican amber (99) .
Mexican amber is of approximately the same age as Dominican amber ( Table 1 ) but has received comparatively less study. It is known that ants compose nearly 10% of insect specimens from this deposit (104) . Several studies have examined the species composition of Mexican amber ( Table 1) . Given the biogeographic affinities of southern Mexico and Hispaniola in modern times, a comparison of the amber ant fauna from these two regions could prove illuminating. There are other fossil deposits of younger age, but generally they are either poorly known or contain relatively few ants (Supplemental Figure 1, Supplemental Figure 2) . One exception is Sicilian amber, the exact age of which remains unclear within the Oligocene-Miocene boundary. This deposit possesses some unique, extinct genera as the unusual formicine Sicilomyrmex corniger (11, 34) . Notably, most inclusions belong to genera not found in other European deposits, which led Dlussky & Rasnitsyn (28) to conclude this fauna was essentially Afrotropical. Another fossil deposit of early Miocene age (19 myo) is Radoboj in Croatia, from which many ant species were described in the nineteenth century by Heer (49) , but because it has not been revised in over 100 years, much of the taxonomy of these fossils is woefully out of date. (73), has been correlated with the rise of the angiosperms as well. However, the role of angiosperms in the diversification of ants has been challenged (86) , and previous attempts to correlate their rise with ant diversification have been characterized as artifacts of incomplete taxon sampling. Pie & Tschá (86) found that ants have displayed a constant rate of lineage expansion, rather than a single burst, which might be expected if correlated with the radiation of angiosperms.
AGE OF ANTS
The age of ants has been a focus of several studies. Wilson et al. (115) , as discussed above, discovered the first Mesozoic ant, leading them to speculate that ants originated 100 mya. Crozier et al. (16) challenged this age using a molecular study that questioned whether ants evolved concurrently with their first appearance in the fossil record. These authors (16) use molecular techniques to infer an age for ants and from their data estimated a Late Jurassic (ca. 185 mya +/− 36 my) origin. The fossil used in the calibration was Cariridris bipetiolata (8) , at the time considered a myrmeciine. However, subsequently C. bipetiolata was found not to be an ant (and was placed in the Ampulicidae), rendering the calibration incorrect. Two large molecular studies undertook the task of estimating the age of ants (9, 76 (9) are older than what the fossil record reveals, but given the rarity of Mesozoic ants (Figure 1) this is perhaps not surprising. What we do know is that since the discovery of Sphecomyrma freyi, myriad fossil discoveries have shown that there was a rather diverse sphecomyrmine fauna in the Cretaceous and that definitive crowngroup ants (Kyromyrma neffi and the Ethiopian dolichoderine) existed concurrently with them. The apparent absence of ants from Early Cretaceous insect-rich deposits such as the Spanish and Lebanese ambers (110 to 125 mya), the Santana Formation of Brazil (120 mya), and the Chinese Yixian Formation (140-145 mya) suggests ants did not originate before 110-120 mya. The question of the age of ants, however, does demonstrate the necessity of combining fossil ants with molecular divergence dating techniques because fossils provide the critical minimum age estimates for the lineages in question. As divergence dating becomes ever more popular, the need for accurately identified and classified fossil specimens will only increase. Investigations for additional Cretaceous fossils, particularly from ancient Gondwanan localities, will help elucidate the timing of the origin and radiation of these highly successful insects.
SUMMARY POINTS
1. Ants have existed on Earth for at least 100 million years and, based on the fossil record, probably evolved somewhere between 110 and 120 mya.
2. The taxonomic placement of the extinct, ant-like Armaniidae, which are likely the closest relatives of the Formicidae, has been controversial, but there are compelling arguments for why they should not be considered formicids.
3. Although the first Mesozoic ant was discovered in 1967, it was not until the past two decades that a number of important Mesozoic ant discoveries have been made, including, most recently, the discovery of a 93-95 myo crown-group ant assignable to the Dolichoderinae from the Cretaceous of Africa.
4. Recent discoveries have shown that the Cretaceous stem group, Sphecomyrminae, although rare as fossils, was surprisingly diverse morphologically, which implies a diverse array of ancient sphecomyrmine behaviors as well.
5. Despite their appearance in the Cretaceous, it was not until the Eocene that ants became common as fossils, and presumably this increase in fossilized remains is correlated with an increase in the general abundance and ecological dominance of ants.
6. Molecular divergence dating techniques are growing in popularity, and the need for accurate fossil ant identification will only become more acute as more studies rely on fossils for calibration of datasets. 
